Crohn's disease (16, 74) . In patients with chronic intestinal inflammation, the risk of developing colorectal cancer increases by ϳ0.5-1% each year, 7 years after diagnosis (50, 77) . Although complicating IBD only accounts for 2% of all colorectal cancer cases within the general population, it is considered a serious sequela of the disease, accounting for one in six of all deaths in IBD patients (68) . Therefore, IBD patients represent a significant at-risk population for chronic inflammation-associated colorectal cancer development. Despite the functional link between inflammation and colon cancer, the overlapping regulatory pathways that drive inflammation-associated colonic tumor development remain poorly understood.
Long-chain n-3 polyunsaturated fatty acids (PUFAs) found in fish oil (FO), e.g., eicosapentaenoic acid (20:5 ⌬5,8,11,14,17 ) and docosahexaenoic acid (22:6 ⌬4,7,10,13,16,19 ), exhibit beneficial effects in IBD and colon carcinogenesis (8) , in part due to their potent anti-inflammatory effects (13, 53) . Additionally, the balance between colonic epithelial cell proliferation and apoptosis is favorably modulated by dietary n-3 PUFAs, thereby conferring resistance to carcinogenic agents (14, 18, 19) . Moreover, n-3 PUFAs have been shown to modulate the important determinants that link inflammation to cancer development and progression (7, 19, 48, 75, 85) . From a mechanistic perspective, the cellular incorporation of dietary n-3 PUFAs favorably affects a broad spectrum of physiological processes, including immune function, wound healing, cell membrane structure/function, eicosanoid signaling, macronutrient metabolism, and nuclear receptor activation (16) . With respect to T cell function, dietary n-3 PUFAs have been shown to alter plasma membrane microorganization (lipid rafts) at the immunological synapse, ultimately suppressing signal transduction and nuclear translocation/activation of transcription factors (28, 55, 56, 98) . However, the effect of n-3 PUFAs on mucosal immunoregulation has not been determined but is warranted, as ϳ50% of IBD subjects utilize self-prescribed oral complementary alternative medicines/diets that include FO (58) .
Independently, ligands for peroxisome proliferator-activated receptors (PPARs) PPAR␣, PPAR␦ (also referred to as PPAR␤ or PPAR␤/␦), and PPAR␥ have been shown to inhibit IBD and colon carcinogenesis (16, 20, 73, 88) . Ligand-activated PPAR complexes regulate the expression of PPAR-responsive genes and biological functions, including cell proliferation and differentiation, fatty acid metabolism, energy homeostasis, immune responses, and inflammation (2, 12, 36, 73, 103) . Among the PPAR family members, functions of PPAR␣ and PPAR␥ have been well characterized, whereas the physiological functions of PPAR␦ remain less clear. Although PPAR␦ mRNA and protein are ubiquitously expressed, among anatomic sites in rodents, expression is highest in colonic epithelium (27, 34) , and PPAR␦ plays an important role in the terminal differentiation of colonic epithelial cells (65, 73) . Therefore, it is likely that this nuclear receptor plays an important regulatory role within the gastrointestinal tract.
Ligands for PPAR␦ are anti-inflammatory, and enhanced inflammation is observed in the absence of PPAR␦ expression (44) . Anti-inflammatory activity of PPAR␦ may be attributed, at least in part, to its ability to interfere with NF-B signaling (73) . At high ligand concentrations, inhibition of colitis is associated with PPAR␦ activation (92) , and PPAR␦ null mice exhibit increased sensitivity to dextran sodium sulfate (DSS)-induced colitis, wherein clinical symptoms are exacerbated and expression of inflammatory cytokines is increased (44) . Additionally, outcomes of a porcine model of IBD suggest that activation of PPAR␦ may accelerate colonic regeneration and clinical remission (6) . The role of PPAR␦ activation in colon tumorigenesis remains controversial and is reviewed in detail elsewhere (73) . PPAR␦ null human colon cancer (HCT116) cells have a reduced tumorigenicity in a xenograft model (71) . Specifically, in the colon, in the absence of PPAR␦, colon carcinogenesis is exacerbated in genetic (APC min mouse) and chemically induced [azoxymethane (AOM)] carcinogenesis models (5, 38, 76) , whereas other studies indicate that activation of a functional PPAR␦ is required to inhibit AOM-induced colon carcinogenesis (65) . Interestingly, n-3 PUFAs have been identified as ligands for PPAR␦ (32, 95) ; yet, it is not known whether the beneficial effects of n-3 PUFAs on intestinal inflammatory pathologies are mediated through a PPAR␦-dependent mechanism.
In the present investigation, PPAR␦ was selectively deleted from intestinal epithelial cells utilizing a Cre-lox-mediated recombination strategy to disrupt the PPAR␦ locus. By generating an intestine-specific PPAR␦ knockout mouse, we were able to assess the contribution of dietary n-3 PUFAs and PPAR␦ to mucosa-generated immune responses in a chronic intestinal inflammation/carcinogenesis model. Cross talk between lymphocytes and intestinal epithelial cells is an important component of mucosal inflammatory immune responses (17) , evidenced by intestinal epithelial cell expression of major histocompatibility complex class II antigens and the costimulatory molecule CD86 in the inflamed colon (69, 83) . Furthermore, intestinal epithelial cells can present antigens to lymphocytes in a mixed leukocyte reaction (10, 67) , and the processing and presentation of antigens by intestinal epithelial cells may be important for the induction of colonic inflammation (66) . Thus it remains possible that intestinal epithelial cells may condition the mucosal environment and, therefore, influence T cell recruitment and activation. What remains unknown is the extent to which specific changes in the intestinal epithelial cell from the inflamed mucosa are able to impact the activation status of lymphocyte populations locally and systemically and whether this is achieved through PPAR␦-and/or n-3 PUFA-dependent mechanisms.
In the current study, we determined the impact of chemoprotective dietary FO and intestinal epithelial cell-specific deletion of PPAR␦ on the colonic inflammatory microenvironment and on local [mesenteric lymph node (MLN)] and systemic (spleen) resident T cell populations. In addition, we assessed T cell activation markers functionally associated with trafficking to inflammatory sites. ) consuming either of the two experimental diets. At the start of the experiment, PPAR␦ deletion was assessed by PCR analysis of DNA extracted from tails using a Qiagen DNA tissue kit. PCR was performed using the Platinum Taq polymerase kit (GIBCO BRL). The following primers were used: loxP (5=GAGCCGC-CTCTCGCCATCCTTTCAG-3= and 5=-GGCGTGGGGATTTGCCT-GCTTCA-3=) and Cre recombinase (5=-GCATTACCGGTCGATG-CAACGAGTG-3= and 5=-GAACGCTAGAGCCTGTTTTGCACG-TTC-3=). After completion of the experimental treatment regimen, PPAR␦ deletion was confirmed in the target tissue (colon) by PCR and immunoblotting.
MATERIALS AND METHODS

Animals
Colitis and carcinogen induction. After a 2-wk diet intervention period, mice were injected with AOM (7.5 mg/kg body wt ip; Sigma-Aldrich). While the mice were maintained on the same diets, chronic inflammation was induced by exposure to three cycles of 1% (wt/wt) DSS (MP Biomedicals) in the drinking water (1 cycle ϭ 4 days of DSS ϩ 17 days of fresh tap water). Animals were euthanized after completion of the final DSS cycle (Fig. 1) . At the time of euthanasia, colons were dissected at the junction of the cecum (proximally) and the anus (distally). The colon tissue was flushed with PBS, and the entire colon was processed by the Swiss-roll technique (n ϭ 11-14 mice in each experimental group). Colon lesions were mapped and excised, and mucosal scrapings were subsequently collected from the remaining noninvolved tissue (n ϭ 9 -13 mice per experimental group) and snap-frozen for further analysis. Tissues were fixed in 4% paraformaldehyde, embedded in paraffin, stained with hematoxylineosin, and evaluated in a blinded manner by a board-certified pathologist (B. Weeks). Colon lesions were typed, and the degree of epithelial injury (score 0 -3) on microscopic cross sections of the colon was graded as previously described (53) .
RNA isolation and quantitative real-time PCR. RNA was isolated using the RNAqueous Total RNA kit (Ambion) and treated with DNase inactivation reagent (Ambion), its integrity was assessed using a bioanalyzer (model 2100, Agilent Technologies), and it was quantified and stored at Ϫ80°C. Reverse transcription of 1 g of sample RNA was performed using Maloney's murine leukemia virus RT (Invitrogen). Expression of PPAR␦ in tissue-specific knockout mice was determined using mRNA isolated from colonic mucosa, duodenum, and kidney. Real-time PCR was performed using the AB 7900 PCR system (Applied Biosystems, Foster City, CA) and Taqman probes (Assay-on-Demand, Applied Biosystems) for PPAR␦ exon boundaries 4 -5 (Mm01305435_m1) and PPAR␦ exon boundaries 7-8 (Mm00803186_g1).
For mucosal cytokine mRNA expression, Taqman gene expression kits (Applied Biosystems) were used for IL-6 (Mm00446190_m1),
, IL-27 (Mm004611664_m1), and IFN-␥ (Mm01168134_m1). Amplification of mRNA (fluorescence) was recorded over 40 cycles, and the corresponding cycle numbers (C t) were used to calculate mRNA expression as follows: 2 (40 Ϫ Ct ). Target gene expression was normalized to ribosomal 18S expression (Hs03928990_g1).
Immunoblotting. Colonic mucosa was scraped from the underlying smooth muscle, and protein extraction and immunoblotting were conducted as described previously (89) . Protein detection utilized primary monoclonal rabbit anti-mouse phosphorylated Stat3 antibody (Cell Signaling Technology, Danvers, MA) or polyclonal rabbit antimouse Stat3 antibody (sc-482, Santa Cruz Biotechnology, Santa Cruz, CA) diluted in PBS containing 1.5% BSA and 0.1% Tween 20. Membranes were washed with PBS containing 0.1% Tween 20 and incubated with secondary peroxidase-conjugated goat anti-rabbit IgG (Kirkegaard & Perry, Gaithersburg, MD) according to the manufacturer's instructions. Bands were developed using Pierce SuperSignal West Femto maximum-sensitivity substrate and subsequently scanned with a Fluor-S Max MultiImager system (Bio-Rad, Hercules, CA).
PPAR␦ protein detection was performed as described previously (34) using a primary antibody for PPAR␦ (no. 8099, 0.053 g/ml in Tris-buffered saline ϩ Tween 20) and secondary antibody, biotinylated anti-rabbit IgG (1:10,000 dilution) in Tris-buffered saline ϩ Tween 20. Immunoreactive proteins were detected with 125 I-labeled streptavidin using phosphorimaging analysis after 72 h of exposure. Hybridization signals for the proteins of interest were normalized to the hybridization signal of a housekeeping gene, lactate dehydrogenase. The positive control was a cell lysate from COS1 cells transfected with a mouse PPAR␦ expression vector, as previously described (34) .
Flow cytometry analysis of lymphocytes. MLNs and spleens were isolated and placed in sterile RPMI 1640 medium with 25 mmol/l HEPES (Irvine Scientific), supplemented with 5% FBS (Irvine Scientific), 2 mM GlutaMAX (GIBCO), and penicillin (100 U/ml) and streptomycin (0.1 mg/ml; GIBCO), henceforth, "complete medium." Tissues were broken into single cell suspensions by filtering through a 70-m-mesh cell strainer. Lymphocytes were subsequently enriched by density gradient centrifugation using Lympholyte-M (Cedarlane Laboratories). Single cells from MLNs or spleens were resuspended in flow cytometry staining buffer (eBioscience) and then incubated with anti-CD16/32 MAb according to the manufacturer's instructions (Fc block, eBiosciences). Subsequently, cells were labeled with anti-CD3-APC (eBioscience) ϩ anti-CD4-FITC or anti-CD8a-FITC MAb (eBioscience). Markers for T cell activation status were assessed by additional staining with anti-CD11a-phycoerythrin (PE), anti-CD44-PE, or anti-CD62L-PE MAb (eBioscience) and analyzed using a flow cytometer (model C6, Accuricytometer). Cell characterization and expression status as determined by mean fluorescence intensity of marker proteins (i.e., CD11a, CD44, and CD62L) were assessed by CFlow Plus software (Accuricytometer). Cell viability was determined by propidium iodide staining and averaged 99%.
Statistics. The predetermined upper limit of probability for statistical significance throughout this investigation was P Յ 0.05, and analyses were performed using the SAS System for Windows (version 9.2). Data from all analyses were subjected to a two-way ANOVA, and the main effects were diet and genotype unless stated otherwise. If justified by the resulting probability value (i.e., P Յ 0.05), analyses between means were performed using Tukey's Studentized range test. Moreover, if a statistically significant interaction term emerged from a two-way ANOVA, the permissible preplanned comparisons (i.e., equal in number to the treatment degrees of freedom) were made using the least-squares means procedure. Data sets not exhibiting a normal distribution were subjected to the Kruskal-Wallis test ( 2 approximation), followed, if justified by the statistical probability outcome (P Ͻ 0.05), by Wilcoxon two-sample testing.
RESULTS
Generation of intestine-specific PPAR␦ knockout mice.
PPAR␦ was specifically deleted from intestinal epithelial cells utilizing the CRE-lox-mediated recombination strategy to disrupt the PPAR␦ locus, thereby generating PPAR␦ null (PPAR␦ ⌬IEpC ) and wild-type (PPAR␦ F/F ) mice (Fig. 2) . Deletion of PPAR␦ exon 4 resulted in expression of a nonfunctional PPAR␦, which was confirmed by mRNA expression in colon and duodenum of PPAR␦ ⌬IEpC compared with PPAR␦ F/F mice, whereas expression in the kidney, another anatomical site known to produce high levels of PPAR␦, remained unchanged (34) (Fig. 3 ). Using primer sets that target PPAR␦ exon boundaries 4 -5, we demonstrated the successful tissue-specific deletion of PPAR␦ in PPAR␦ ⌬IEpC mice (Fig. 3A) , whereas detection of PPAR␦ exon boundaries 7-8 demonstrated that a nonfunctional form of PPAR␦ was still expressed (Fig. 3B) . Additionally, we confirmed the successful deletion of PPAR␦ in the colonic mucosa of Cre-homozygous floxed mice (PPAR␦ ⌬IEpC ) at mRNA and protein levels at the end of the AOM/DSS treatment regimen (Figs. 3, C and D). PPAR␦ mRNA and protein were readily detectable in the colonic mucosa of wild-type (PPAR␦ F/F ) mice, whereas PPAR␦ expression was undetectable, as expected, in the colonic mucosa of Cre-homozygous floxed (PPAR␦ ⌬IEpC ) mice. Cre recombinase has been shown to be transiently expressed in the target tissue in other model systems, highlighting the need to confirm deletion of the floxed gene of interest in the target tissue (81) . Our results indicate that exposure to AOM/DSS did not alter expression of Cre recombinase in the target tissue (colon), validating the intestinal epithelial cell-specific deletion of PPAR␦.
The effect of targeted intestinal epithelial PPAR␦ deletion and dietary FO on colon characteristics within the context of a Fig. 1 . Experimental dosing regimen. Wild-type (PPAR F/F ) mice and intestinal epithelial cell (IEpC) peroxisome proliferator-activated receptor (PPAR)-␦ null (PPAR␦ ⌬IEpC ) mice consuming a 5% corn oil (CO) or a 1% corn oil ϩ 4% fish oil (FO) diet were acclimated to experimental diets for 14 days prior to injection of azoxymethane (AOM, 7.5 mg/kg body wt ip). Subsequently, mice were exposed to 3 cycles of dextran sodium sulfate (DSS, 1% wt/wt via drinking water). Mice were euthanized 12 wk after completion of the final DSS cycle.
carcinogenic and chronic inflammatory pathology was subsequently assessed. Colon injury scores in the middle region of the colon were ameliorated by dietary FO compared with CO (P ϭ 0.03; Fig. 4A ), whereas there was no difference between dietary groups in the most proximal (P ϭ 0.67) and distal (P ϭ 0.80) regions of the colon (results not shown). Similarly, there was no difference in the degree of colon injury in the proximal (P ϭ 0.12) and distal (P ϭ 0.26) regions of the colon between PPAR␦ null (PPAR␦ ⌬IEpC ) and wild-type (PPAR␦ F/F ) mice. However, an independent effect of genotype was apparent within the middle region of the colon, where the average colon injury score was higher (P ϭ 0.007) in PPAR␦ ⌬IEpC than PPAR␦ F/F mice (Fig. 4B) . Colon tumor entities (including adenocarcinomas and adenomas) were mapped to their specific region within the colon, excised, and typed by a board-certified pathologist (B.W.). Tumors did not develop in the proximal region of the colon in any of the experimental groups. In the most distal region (i.e., the most distal 2 cm) of the colon (46), there was no effect of genotype or diet on the total number of tumors (P ϭ 0.81 and P ϭ 0.78, respectively). However, in the middle region of the colon, an independent effect of diet emerged, wherein the total number of tumor entities was reduced by FO compared with CO (P ϭ 0.01), whereas PPAR␦ deletion had no effect on total tumor number in the middle colon (P ϭ 0.38; Fig. 4, C and D) . Moreover, the percentage of animals that failed to develop colon tumors was higher in FOthan CO-fed mice (48% vs. 18%). Therefore, in a chronic inflammation and malignant transformation (AOM/DSS) model, intestinal epithelial cell-specific deletion of PPAR␦ affected the gross colonic phenotype by increasing colon injury scores, as seen previously in PPAR␦ null mice (44), but had no effect on tumor incidence. Interestingly, independent of PPAR␦ genotype, dietary FO had a beneficial effect on the gross colonic phenotype: it reduced colon injury and tumor incidence. However, these effects were site-specific and restricted to the middle region of the colon.
Dietary FO decreases mucosal inflammatory biomarker expression. By examining STAT3 phosphorylation status, a well-accepted marker of mucosal inflammation (47), we verified that the AOM/DSS treatment established a subclinical chronic inflammatory microenvironment in the colon. Examination of phosphorylated (i.e., activated) STAT3 relative to total STAT3 expression within the colonic mucosa revealed a significant effect of the inflammation/carcinogen treatment regimen compared with saline-treated controls (P ϭ 0.001; Fig. 5A ) on the induction of this critical inflammatory biomarker, whereas PPAR␦ status had no effect (P ϭ 0.86; Fig.  5A ). Within the AOM/DSS-treated groups, we confirmed the anti-inflammatory effect of FO feeding (P ϭ 0.002; Fig. 5B ) in the context of chronic intestinal inflammation by decreasing colonic mucosal STAT3 activation. These findings were independent of intestinal epithelial cell PPAR␦ expression (genotype: P ϭ 0.27; Fig. 5B ).
Dietary FO decreases colonic mucosal mRNA expression of critical inflammatory cytokines. AOM/DSS increased mucosal mRNA expression of several key inflammatory cytokines above the baseline expression levels in saline-treated control animals in all groups. As expected, the average mRNA expression level of inflammatory cytokines was increased in AOM/ DSS-treated mice compared with saline controls as follows: 2.5-fold for IL-6 (P ϭ 0.01), 3.3-fold for IFN-␥ (P ϭ 0.04), 28-fold for IL-17A (P ϭ 0.006), 10-fold for IL-17F (P ϭ Fig. 2 . PPAR␦ deletion and genotyping strategy. A: DNA gel showing mouse genotypes that were assessed using 2 primer sets. Evennumbered lanes (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) detected loxP sites at 400 bp (arrow); odd-numbered lanes (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) detected Cre recombinase at 380 bp. B: primer set 1, used to detect specific deletion of PPAR␦ exon 4 by Cre recombinase, results in a nonfunctional form of PPAR␦; primer set 2, used to detect PPAR␦ exon 7-8, indicates that the remainder of PPAR␦ is still intact. 0.0002), 9-fold for IL-21 (P ϭ 0.0003), 3.3-fold for IL-27 (P ϭ 0.03), 5.5-fold for IL-23 (P ϭ 0.003), and 5.6-fold for IL-23R (P ϭ 0.02).
A distinct difference in the cytokine expression profile emerged between dietary groups. The colonic mucosal mRNA expression level of several critical inflammatory cytokines, including IL-6 (P ϭ 0.04), IFN-␥ (P ϭ 0.03), IL-17A (P ϭ 0.03), IL-17F (P ϭ 0.02), IL-23 (P ϭ 0.01), and IL-23R (P ϭ 0.01), was consistently decreased in FO-compared with COfed animals (Fig. 6) . There was no effect of diet on the mucosal mRNA expression of IL-21 (P ϭ 0.31) or IL-27 (P ϭ 0.15) (results not shown). Among the AOM/DSS-treated animals, there was no effect of genotype (i.e., intestinal epithelial cell PPAR␦ status) on colonic mucosal inflammatory cytokine gene expression: IL-6 (P ϭ 0.27), IFN-␥ (P ϭ 0.99), IL-17A (P ϭ 0.12), IL-17F (P ϭ 0.14), IL-23 (P ϭ 0.37), and IL-23R (P ϭ 0.76) (Fig. 6 ) and IL-21 (P ϭ 0.31) and IL-27 (P ϭ 0. ϩ T cells residing in the MLN or spleen is depicted in Fig. 7 , C and D, respectively. There was no effect of dietary FO and/or intestinal epithelial cell PPAR␦ deletion on the percentage of total T cells (CD3 ϩ ) or within the CD4 ϩ T cell population in the MLN or spleen. However, the percentage of CD8 ϩ T cells in the MLN was decreased in FO-fed mice (P ϭ 0.04; Fig. 7E ). Interestingly, PPAR␦ deletion had a similar localized effect, decreasing the percentage of MLN CD8 ϩ T cells relative to wild-type mice (P ϭ 0.05), although these effects were not additive (interaction: P ϭ 0.60; Fig. 7F ). The aforementioned localized effects of FO consumption in the MLN were accompanied by a systemic effect, wherein the percentage of splenic CD8 ϩ T cells was decreased in FO-compared with CO-fed animals (P ϭ 0.05; Fig. 7G ). Overall, a suppressive effect of dietary n-3 PUFAs was observed on the percentage of CD8 purpose, surface expression of the T cell activation markers CD11a, CD44, and CD62L was examined at each lymphoid tissue site. Representative histograms for surface markers expressed by the MLN CD4 ϩ and CD8 ϩ T cell populations are presented in Fig. 8 ; similar results were obtained in the spleen (results not shown). The mean fluorescence intensity of each surface marker assessed in the CD4 ϩ and CD8 ϩ T cell populations in the MLN is shown in Fig. 9A . Intestinal epithelial cell-specific deletion of PPAR␦ resulted in a decrease in surface expression of CD11a within the CD4 ϩ T cell population of the MLN (Fig. 9B) . Dietary FO also caused a decrease in CD44 expression within the CD4 ϩ T cell population compared with cells isolated from animals fed the control (CO) diet (Fig. 9C) . Total CD62L surface expression and bimodal expression (high vs. low) was unaffected by dietary FO or intestinal epithelial cell PPAR␦ deletion. These results are indicative of a reduction in T cell activation. Interestingly, neither FO consumption nor intestinal epithelial cell-specific deletion of PPAR␦ influenced the activation status of CD8 ϩ T cells residing in the MLN.
Splenic T cell activation status did not mirror the outcomes determined locally in the MLN (Fig. 10) . In contrast to the effects observed in the MLN, there was no effect of diet or intestinal epithelial cell PPAR␦ genotype on the surface expression of CD11a or CD44 on splenic CD4 ϩ T cells. Moreover, there was no effect of diet on CD62L expression in the CD4 ϩ and CD8 ϩ T cell populations (P ϭ 0.84 and P ϭ 0.66, respectively). Interestingly, the effect of intestinal epithelial cell PPAR␦ genotype on CD62L expression exhibited a bimodal distribution. Splenic T cells from wild-type PPAR␦ F/F mice exhibited a high surface expression of CD62L (Fig. 10) , while PPAR␦ null (PPAR␦ ⌬IEpC ) mice exhibited low expression of CD62L in the CD4 ϩ (P ϭ 0.05) and CD8 ϩ (P ϭ 0.02) T cell populations (Fig. 10, B and C) . Therefore, intestinal epithelial cell deletion of PPAR␦ had a differential effect in local and systemic secondary lymphoid organs. MLN exhibited a surface maker expression pattern consistent with reduced T cell activation, whereas splenic T cells exhibited changes in surface marker expression consistent with recent activation. Additionally, the combined effect of FO consumption and PPAR␦ deletion in the intestinal epithelial cell decreased the number of CD4 ϩ CD62L ϩ -expressing lymphocytes in the spleen (P ϭ 0.03), indicating that changes in the intestinal epithelium can impact T cell activation status systemically and can be further modified by diet.
DISCUSSION
In the context of a chronic intestinal inflammation/carcinogenesis model, we have examined the impact of dietary FO and targeted deletion of PPAR␦ within intestinal epithelial cells on the colonic microenvironment and the activation status of resident T cells in local (MLN) and systemic (spleen) secondary lymphoid organs. To our knowledge, this is the first study to utilize an intestinal epithelial cell-specific PPAR␦ knockout mouse to determine how alterations in the intestinal epithelial cells can impact adaptive immune competence following carcinogen exposure and the induction of chronic intestinal inflammation. This is noteworthy because T cells have been demonstrated to play a pathogenic role in IBD (80, 86) . Since n-3 PUFAs are putative natural ligands for PPAR␦ (32, 95) , we also determined if dietary n-3 PUFAs consumed at physiologically relevant levels for humans (57) would further impact T cell activation status. The contribution of the epithelium to intestinal pathologies is garnering greater appreciation as growing evidence implicates epithelial cell dysfunction as a Fig. 4 . Identification of colonic phenotype in AOM/ DSS-treated mice. PPAR F/F and PPAR␦ ⌬IEpC mice were fed CO (n ϭ 11-12 per genotype) or FO (n ϭ 13-14 per genotype) diet (n ϭ 11-14 mice/treatment group) and euthanized 12 wk after completion of the final DSS cycle. Histological scoring (0 -3) of colon epithelial injury and typing of tumor entities (total adenomas and adenocarcinomas) were carried out in a blinded manner by a board-certified pathologist (B. Weeks). A and B: independent effect of diet and genotype (IEpC PPAR␦ status) on colon injury in the middle region of the colon. Data were analyzed by Kruskal-Wallis test, and bars represent median values. *Statistical significance (P Յ 0.05). C and D: effect of diet and genotype on tumor incidence in the middle region of the colon. Dot plots identify tumor distribution among treatment groups; solid black line denotes median value in each group. primary cause of inflammatory pathologies arising in different tissues (87) .
Dietary FO reduced colon injury and tumor incidence (adenomas and adenocarcinomas) following exposure to carcinogen and the induction of chronic colonic inflammation (Fig. 4,  A and C) . This confirms a previous report that n-3 PUFAs reduce colitis-associated colon tumor formation in a genetic model that produces n-3 PUFAs de novo (53) and extends this finding by showing that dietary intervention with n-3 PUFAs can also reduce colitis-associated colon tumor formation. In contrast to the effects of n-3 PUFAs on colon cancer, the role of PPAR␦ in colon tumorigenesis remains controversial (73) . Some studies have shown that PPAR␦ protects against colon tumorigenesis, some studies have shown that PPAR␦ promotes colon tumorigenesis, and other studies have shown that PPAR␦ had no influence on APC-dependent colon tumorigenesis (for review see Ref. 73) . In the present study, intestinal epithelial cell PPAR␦ status had no effect on tumor incidence (Fig. 4D) . This is in contrast to a previous study where AOM-induced colon tumorigenesis was mitigated in mice when PPAR␦ expression was selectively deleted in intestinal epithelial cells (104) . The reason for this difference cannot be explained from our results but could be due in part to the differences in the approach used to induce colon tumorigenesis (AOM alone vs. AOM/DSS). Interestingly, deletion of PPAR␦ within the colonic intestinal epithelium (PPAR␦ ⌬IEpC ) increased the degree of colon injury in response to the AOM/DSS treatment regimen (Fig. 4, B and D) , which is consistent with a previous report showing that DSS-induced inflammation is exacerbated in PPAR␦ null mice (44) . These findings collectively support a large body of evidence indicating that PPAR␦ has potent anti-inflammatory activities in multiple models (54) . Additionally, while we found no evidence that PPAR␦ protects against colon tumorigenesis in the present study, exacerbation of AOM/DSS-induced colon injury when expression of PPAR␦ was deleted from intestinal epithelial cells is consistent with a protective role for PPAR␦ in colon tumorigenesis. This is in line with a recent retrospective study demonstrating that colorectal cancer patients with relatively low expression of PPAR␦ in primary tumors were nearly four times more likely to die from this disease than colorectal cancer patients with higher expression of PPAR␦ in primary tumors (96) . To more definitely determine the role of PPAR␦ in colon tumorigenesis, future studies assessing the effect of PPAR␦ status within specific cell types in the inflamed colon and/or colon tumor microenvironment are required, as suggested elsewhere (73) . While the mechanisms of colon tumorigenesis are complex, data from the present study do not support a role of intestinal epithelial cell PPAR␦ in this process.
Within the inflamed colonic mucosa, we confirmed that dietary FO decreases the expression of an inflammatory biomarker, phosphorylated (i.e., activated) STAT3 (52), following carcinogen exposure and the induction of chronic inflammation (Fig. 5) , whereas intestinal epithelial cell PPAR␦ status had no effect on colonic STAT3 expression. Within the gastrointestinal tract, STAT3 resides at the nexus of multiple signaling inputs, the downstream targets of which ultimately link inflammation and tumorigenesis by mediating the activity of inflammatory cytokines and cancer-promoting inflammatory responses (51) . Interestingly, STAT3 is constitutively activated in diverse types of cancer and plays a procarcinogenic role by promoting prooncogenic inflammatory pathways and enhancing the transcription of genes associated with cell cycle progression, cell survival, angiogenesis, and immune evasion (99 -101) . Moreover, STAT3 is often overexpressed in colon cancer, and the anti-inflammatory effects of PPAR␦ are believed to be mediated, at least in part, via inhibition of STAT3 and its downstream signaling, which is associated with antiapoptotic signaling and c-myc expression (43, 73) . However, in the present study, there was no effect of intestinal epithelial cell PPAR␦ deletion on colon tumor incidence or mucosal STAT3 activation. Conversely, dietary FO suppressed colonic mucosal STAT3 activation and the mRNA expression of IL-6 and IFN-␥, which coincided with a reduced incidence of colon tumor entities and epithelial injury in FO-fed mice, thereby providing insight into a potential mechanism underlying the chemopreventive actions of FO (7, 19, 48, 53, 75, 85) . In T cells, STAT3 expression is essential for colitogenic activity and has a critical role in the differentiation of Th17 cells (22) , which are characterized by their potent proinflammatory activities. Moreover, the IL-23/Th17 cell pathway is strongly involved in the pathogenesis of colitis (24, 26, 45, 97) , and it is suggested that STAT3 promotes a procarcinogenic Th17 response (59, 94) . Interestingly, in a chronic colitis model (3 cycles of DSS), n-3 PUFAs reduced the percentage of Th17 cells (CD4 ϩ IL-17A ϩ ) within the inflamed colon lamina propria and reduced mucosal mRNA expression of critical Th17 cell-derived inflammatory cytokines, IL-17 and IL-21 (J. M. Monk et al., unpublished observations). Although the percentage of Th17 cells was not assessed in the present study, the outcome from mucosal mRNA expression supports an inhibitory effect of n-3 PUFAs on Th17 cell function, as dietary FO decreased mucosal mRNA expression of IL-17A and IL-17F (Fig. 6, C and D) , cytokines predominantly produced by Th17 cells. The role of Th17 cells and IL-17 in the tumor microenvironment is unclear (64), although overexpression of IL-17 in tumors leads to increased angiogenesis and tumor growth (70) , and IL-17 Ϫ/Ϫ and IL-17R Ϫ/Ϫ mice exhibit reduced tumor growth (40, 91) . Furthermore, the tumorigenic effects of IL-17 are mediated, at least in part, by IL-6 via a STAT3-dependent mechanism (91) , and all three of these mediators were reduced by FO in the colon following AOM/ DSS exposure.
IL-23 drives chronic intestinal inflammation by inducing inflammatory cytokine production and by promoting pathogenic Th1 and Th17 responses in the intestine (63) . In addition to promoting tumor incidence and growth (64), IL-23 promotes the maintenance of differentiated Th17 cells and is required for providing Th17 cells with a pathogenic phenotype (79) . IL-17 and IL-23 expression is also elevated in human colon cancer, and IL-23p19 Ϫ/Ϫ mice are resistant to tumor induction (60). Interestingly, dietary FO decreased IL-23 and IL-23R colonic mucosal gene expression following AOM/DSS exposure (Fig.  6, E and F) . Therefore, IL-23 represents an important molecular link between chronic intestinal inflammation and carcinogenesis, which may be beneficially augmented by dietary FO. Collectively, the aforementioned findings demonstrate a new and previously unappreciated beneficial role of n-3 PUFAs in a chronic inflammation carcinogenesis model, wherein tumor Fig. 6 . Colonic mucosal cytokine mRNA expression. RNA was isolated from colonic mucosal scrapings from mice following exposure to carcinogen and 3 subsequent cycles of DSS. mRNA levels were determined by quantitative RT-PCR, and expression of each gene of interest was normalized to ribosomal 18S expression. Relative expression levels were analyzed for IL-6 (A), IFN-␥ (B), IL-17A (C), IL-17F (D), IL-23 (E), and IL-23R (F). Data were analyzed by 2-way ANOVA (main effects: diet and genotype), and significance was at the level of P Ͻ 0.05. For all data sets, P (interaction) was not significant (P Ͼ 0.05); however, the outcome from each main effect is shown. Values are means Ϯ SE.
incidence, colonic injury, and inflammatory/protumorigenic mediators were depressed by dietary FO.
We showed that dietary FO decreased the percentage of CD8 ϩ T cells residing in the MLN and spleen, an impact that was not apparent within the CD4 ϩ T cell population at either organ site (Fig. 7) . A similar localized effect within the MLN CD8 ϩ T cell population was observed when PPAR␦ was deleted from the intestinal epithelial cell (Fig. 7) . These changes were statistically significant, albeit modest; thus further studies are required to determine if CD8 ϩ effector functions are similarly affected. Previously, consumption of a 4% FO diet elicited a similar modest change in the percentage of lung CD8
ϩ T cells following influenza infection, whereas the CD4 ϩ T cell population was unaffected (82). Despite decreasing cell numbers in secondary lymphoid organs, FO had no effect on CD8 ϩ T cell expression of activation surface markers, indicating that function was unlikely compromised by n-3 PUFAs. In support of this interpretation, n-3 PUFA consumption was shown to have no effect on antigen-driven splenic CD8 ϩ T cell proliferation (49) . Expansion and differentiation of CD8 ϩ T cells are critical for host defense against viral and intracellular bacterial infections, and during DSS-induced intestinal inflammation, the mucosa is structurally dysregulated, thereby reducing epithelial barrier integrity and increasing the exposure of the underlying mucosa to luminal bacteria and antigens. Future studies are required to assess the impact of n-3 PUFAs on antimicrobial functions of CD8 ϩ T cells. Adhesion molecules facilitate the interaction between T lymphocytes and either antigen-presenting cells (APCs) or the vascular endothelium, and efficient cell-mediated immune responses require appropriate surface expression of these molecules. Furthermore, the trafficking of lymphocytes between body compartments (i.e., into/out of lymphoid organs and into sites of immune or inflammatory reactivity) is also dependent on adhesion molecule expression (78) . In this study, activation status of resident T lymphocytes in the MLN and spleen was identified on the basis of the surface expression pattern of three markers functionally associated with trafficking to inflammatory sites (3, 21, 72) : CD11a (LFA-1), CD44, and CD62L (L-selectin). Typically, CD11a and CD44 expression is low, whereas CD62L expression is high on naive T cells compared with antigen-experienced T cells (effector and memory), which express high levels of CD11a and CD44 and reduced levels of CD62L (3, 9, 21, 49) . Therefore, the expression pattern of these T cell activation markers was specifically chosen to detect antigen-experienced T lymphocytes as seen previously (9, 21, 23) . CD62L initiates lymphocyte homing to lymph nodes (61, 93) . Interaction between T cells and APCs is facilitated by CD11a (4, 72, 84) , thereby promoting T cell activation (1, 4, 72) . CD44 is involved in the recruitment of leukocytes to inflammatory sites (21) and plays a role in signaling to downstream target genes involved in orchestrating inflammatory responses (30) ; thus its expression is elevated within inflamed tissues (39) .
With respect to lymphocyte activation status, FO consumption decreased CD44 expression on MLN CD4 ϩ T cells (Fig.  9) . Additionally, within the same lymphocyte population, intestinal epithelial cell PPAR␦ deletion resulted in decreased CD11a expression (Fig. 9) . Both of these modest, but significant, changes in surface marker expression are consistent with reduced T cell activation in the MLN. Moreover, the effect of FO appears to be localized to the MLN, which is in close proximity to and drains the inflamed colon, as no impact of FO on T cell activation status was apparent within the spleen. This finding extends previous reports of FO reducing CD44 expression in human monocytes (62) and rat lymphocytes (78) to that in the mouse within the context of a chronic inflammation/ malignant transformation model. Reducing CD4 ϩ T cell activation may represent an additional mechanism through which FO is able to minimize the effects of pathogenic CD4 ϩ T cells in DSS-induced IBD (80, 86) . We previously demonstrated that n-3 PUFAs directly suppress CD4 ϩ Th1 cell development (102) and CD4 ϩ T cell numbers within the lamina propria following exposure to AOM/DSS (53) . CD44 expression is important for the recruitment of leukocytes to inflammatory sites (21) , and CD44 signaling is involved in the generation of inflammatory responses (30) ; therefore, the reduced expression in MLN CD4 ϩ T cells from FO-fed animals is consistent with the general anti-inflammatory biological actions of n-3 PUFAs (13, 15, 16, 53) . Previously, n-3 PUFAs have been shown to impair T cell activation at the immunological synapse (28, 29, Fig. 10 . A: quantitative analysis of T lymphocyte activation markers in the spleen calculated as mean fluorescence intensity. Values are means Ϯ SE. *Statistical significance (P Յ 0.05). P values (main effects) were determined by 2-way ANOVA. B and C: significant main effects. 55, 56, 98) by altering the phospholipid and signaling protein composition of lipid rafts, i.e., specialized plasma membrane microdomains important for T cell-receptor signaling pathways (15, 35, 37) . CD44 has been shown to mediate the cytoskeletal rearrangements that are required for the initiation of T cell activation (31) . Therefore, engagement of CD44 on the T cell surface helps stabilize the immunological synapse by initiating F-actin bundle formation, which is accompanied by a redistribution of CD44 and the associated tyrosine kinases (lck and fyn) into lipid rafts at the immunological synapse (31) . Interestingly, n-3 PUFAs have been shown to decrease key signaling proteins and F-actin recruitment into lipid rafts at the immunological synapse (55) . Therefore, the aforementioned impairment in key aspects of T cell activation by FO may also include a disruption of CD44 localization into lipid rafts. Future studies are required to evaluate the effect of n-3 PUFAs and modulation of lipid rafts with respect to the contribution of CD44 and actin remodeling in T cells at the immunological synapse.
Within the MLN intestinal epithelial cell, PPAR␦ deletion resulted in a modest decrease in CD4 ϩ T cell expression of CD11a (Fig. 9) , a finding consistent with reduced T cell activation. Conversely, in the spleen, a bimodal CD62L surface expression pattern emerged in the CD4 ϩ and CD8 ϩ lymphocyte populations, wherein PPAR␦ ⌬IEpC mice exhibited low expression and PPAR␦ F/F mice exhibited high expression (Fig.  10) . Therefore, intestinal epithelial cell PPAR␦ deletion promoted CD4 ϩ and CD8 ϩ T cell activation in the spleen. Lastly, combined FO consumption and intestinal epithelial cell PPAR␦ deletion resulted in decreased splenic CD4 ϩ T cell expression of CD62L (Fig. 10) , indicating a synergistic effect of dietary bioactive ingredient (n-3 PUFAs) and intestinal epithelial cell PPAR␦ status.
To our knowledge, we are the first to demonstrate that specific changes in the intestinal epithelial cell during chronic inflammation can impact T cell activation status and that this process can be further modulated by diet. Collectively, these findings demonstrate that, in a chronic intestinal inflammation/ carcinogenesis model, alterations in the intestinal epithelial cell (via PPAR␦ deletion) can differentially impact T lymphocyte activation status in local vs. systemic secondary lymphoid organs, i.e., a modest depressive localized effect in the draining MLN and an enhanced systematic effect in the spleen. The data support the interpretation that intestinal epithelial cells have an active role in intestinal inflammatory processes and have the capacity to impact adaptive immune outcomes beyond the intestine. These findings provide a basis for future research initiatives directed toward identifying the specific contribution of intestinal epithelial cells to inflammatory pathologies.
Because of their centralized position in the intestinal mucosa, intestinal epithelial cells are a critical component of the mucosal immune system. Antigen presentation in the gut is not limited to classical APCs, as intestinal epithelial cells have been demonstrated to present luminal antigen directly to T cells in a polarized fashion with apical antigen uptake and basolateral antigen presentation to mucosal lymphocytes (41, 42) via major histocompatibility complex class II and costimulatory molecules (17, 69, 83, 90) , the expression of which is upregulated in response to proinflammatory signals (11) . Under normal intestinal conditions, intestinal epithelial cells lack classical costimulatory molecule expression, and interaction with naive CD4 ϩ T cells would likely result in the induction of anergy, a mechanism necessary to support the state of mucosal immune hyporesponsiveness given the load of foreign antigen encountered in the intestine. Under conditions of intestinal inflammation, intestinal epithelial cells have the capacity to provide the second stimulus required to present antigen to naive T cells, thereby potentially contributing to exaggerated T cell activation often attributable to intestinal inflammatory pathologies.
When stress to the epithelium is relatively mild, epithelial cells secrete cytokines and other mediators that directly influence T cell responses and can elicit a range of functional immune outcomes that are essential for host protection and the limitation of immunopathology. When epithelial damage and dysregulation occur (i.e., AOM/DSS model), epithelial cellderived mediators redirect the nature of T cell-mediated responses toward inflammatory (type 1) responses that are associated with disease (87) . Further evidence suggests that the mucosal immune system is a system-wide organ, wherein studies have demonstrated that stimulation in one mucosal compartment can lead to changes in distal areas (33) . However, the elements that link the mucosal immune compartments remain undetermined (33) . Our findings that genetic and dietary perturbations in the intestinal epithelium can ultimately and differentially impact T cell activation status in local and systemic secondary lymphoid organs demonstrate a previously unidentified role of the intestinal epithelial cell in chronic intestinal inflammation. In addition, it is now evident that the mucosal epithelium can ultimately impact immune cell function in anatomically distant sites. The immunosuppressive effects of dietary FO within the chronically inflamed colon following carcinogen exposure on mucosal inflammatory responses and T cell activation support a growing number of studies indicating that bioactive food components can favorably modulate the clinical course of IBD and colorectal cancer.
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